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The recent disaster of Fukushima in Japan combined with the high demand to enhance nuclear 
safety and to minimize personal exposure to radioactive materials has a significant impact on 
research and development of radiation detection instrumentation. Currently, there is ample effort 
worldwide in the pursuit of radiation detection to maximize the accuracy and meet international 
standards in terms of size and specifications to enable radiation protection decision making. 
Among the requirements is the development of a portable, light-weight gamma-ray isotope 
identifier to be used by first responders in nuclear accidents as well as for radiation security and 
identification of illicit material isotopes. From nuclear security perspective, research into 
advanced screening technologies has become a high priority in all aspects, while for occupational 
safety, and environmental radiation protection, the regulatory authorities are requiring specific 
performance of radiation detection and measuring devices.  At the applied radiation laboratory of 
the University of Ontario Institute of Technology, UOIT, the development of a high resolution 
spectrometer for medium and high energy gamma ray has been conducted. The spectrometer 
used a newly developed scintillator based on a LaBr3(Ce) crystal. The detector has been modeled 
using advanced Monte Carlo code (MCNP/X code) for the response function simulation and 
parameter characterization. The simulation results have been validated by experimental 
investigations using a wide range of gamma radiation energies. The developed spectrometer has 
been characterized in terms of resolution and response in different fields. It has also been 
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Although radiation has been present in nature throughout man’s history, the first discovery was 
made on November, 8 1895 by the German physicist Wilhelm Roentgen [1]. While Roentgen 
was working on the Cathode ray tube discovered by Sir William Crookes, a plate of Barium 
Platino-Cyanide (fluorescent crystals) on a table six feet away in his workroom glowed when he 
activated the tube. Even after covering the tube with black cardboard it kept glowing. On that 
evening, Roentgen discovered X-ray radiation and the first method to detect radiation. He also 
observed that X-ray has the ability to liberate electrical charges in air. Since then, Roentgen 
worked on replacing the fluorescent screen by a photographic plate.  
 
Roentgen successfully developed the second method to detect X-ray radiation by photographic 
plates [1]. On December 22, 1895, Roentgen made the first and famous medical X-ray 
photograph of his wife’s hand [1]. In 1901, Roentgen was awarded the first Noble prize in 
physics for his outstanding achievements in the first Noble prize ceremony.  
 
It is interesting that in 1896 discovery of gamma-ray was found by the French scientist Henri 
Becquerel [1]. He was studying the effect of visible light instead of X-ray if phosphorescent 
substances are placed in photographic plate. While he was conducting his experiments, he started 
with highly fluorescent uranium compounds and placed it over a photographic plate. He found 




experiment in darkness and used other fluorescent substances and concluded that invisible rays 
similar to X-rays were emitted from all the uranium compounds and the metallic uranium. 
Becquerel continued investigating the properties of this new radiation and found that their rays 
discharged a charged electroscope.  
Another scientist, Marie Curie, studied the intensity of the new radiation discovered by 
Becquerel and she observed that intensity of radiation is proportional to the amount of uranium. 
In July 1898, she discovered with her husband the radioactive element polonium and in 
December 1898, they discovered radium [1]. After this, Marie Curie named this new 
phenomenon radioactivity. Since then, many discoveries of alpha, beta and gamma ray emitters 
were announced. In 1903, Marie Curie and her husband Pierre Curie and Henri Becquerel were 
awarded the Noble prize.  
Since scientists started discovering radiation particles and waves, the ionization and excitation 
characteristics have been observed. Also, some biological hazards of radiation were observed on 
those scientists and ways of protection were under investigation. 
 Radiation detection instruments were developed such rapidly starting from fluorescent screen, 
photographic plate, and ionization chamber in combination with an electroscope. However, these 
instruments could only be used to detect high activity radiation sources and were insensitive to 
single rays. 
As mentioned earlier, the photographic plates were used to detect the effect of X-rays and 
gamma-rays. The photographic plates have been extensively under development and special 
photographic emulsions were developed to be used in X-ray radiography and in research of 
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cosmic rays. In 1942, the first radiation film badges were introduced for routine personnel 
monitoring. Nowadays, photographic emulsions are used in a lot of applications [1]. 
The first cylindrical gas-filled detector for alpha particles was introduced in 1908 by Rutherford 
and Geiger [1]. In 1913, a counter for beta particles was introduced [1]. The gas-filled became 
popular when both Geiger and Muller introduced their new detector, the GM counter, in 1928, 
but it could not measure radiation energy. Another type of gas-filled detector was developed 
in1940s, the proportional counter, could be used for spectroscopy of low energy X-ray [1].      
In 1930s, the idea of detecting ionizing radiation by the scintillation light induced in zinc 
sulphide (ZnS) was introduced [1]. However, this method started to be more reliable after 
introducing electronic photomultipliers that matched with the scintillators in 1940s. The most 
popular detector inorganic crystal today, thallium-activated sodium iodide, was introduced in 
1948 and became commercially available in 1950.  Currently, NaI(TI) scintillation crystal is used 
extensively in medical imaging and in other different applications where gamma radiation is of 
concern.    
 
The semiconductor detectors were introduced in early 1960s [2]. Silicon detectors have been 
widely used for low energy X-ray spectroscopy and beta particles and the germanium detectors 
have been widely used for gamma spectroscopy.  
 
Another important development in radiation measurements is the thermo luminescent 
dosimeters. This kind of inorganic crystal can trap the deposited energy of radiation and free this 
energy as light emission under elevated temperature. This kind of detectors (LTD) have been 





It is crucial to point out here that, these developments in radiation instruments could not happen 
without the continuous and parallel developments in electronic devices, signal processing and 
sophisticated software. 
 As there are many detectors in the market, the choice of a specific radiation detector depends on 
what kind of radiation needs to be detected and on its energy range. Radiation detectors used in 
personnel dosimetry, spectroscopy and monitoring are different and one should understand the 
purpose of measuring the radiation and the advantages and limitations of detectors used. 
Now, after almost a century of discovering radioactivity, many applications benefit from this 
energy such as nuclear power, medical imaging, cancer therapy, sterilization, food irradiation, 
space applications, and security. Activities using radiation in modern society are becoming wider 
and wider, and the regulatory bodies in different countries are, in parallel, developing national 
and international standards where advanced radiation detectors with specific requirements in 
performance, size and characteristics are the cornerstone of these standards.  
For gamma detection, there is currently a very wide range of scintillating and solid-state 
materials available for use in gamma-ray detection and the reader is referred to a standard text 
for a full discussion of their individual characteristics.  For instance, sodium iodide-based 
scintillation counters have, until recently, been the detectors of choice for use in medium-
resolution gamma-ray spectroscopy. It is possible to manufacture large volumes of this alkali 
halide crystal that have a consistent quality. Since the atomic number and density of the material 
is high, the efficient detection of gamma-radiation in the range up to say 3 MeV can be achieved 
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using crystal thicknesses of 10 cm (~80% absorption at 2.0 MeV). This means that the emphasis 
on increasing detection efficiency has been directed towards the use that is consistent with not 
degrading the overall spectral-resolution at 662 keV to below ~8% FWHM. This has meant that 




Techniques have been developed which can lead to a very significant utilization of the energy-
loss spectrum generated by these detectors. The increased number of counts in the peaks, their 
sharpness and accuracy of location have led to the development of new high performance 
isotope-identification systems based on the use of NaI(TI) scintillators. However, there has been 
a significant recent development that is already impacting the quality of the spectra that can now 
be provided by inorganic scintillation counters. Whilst these new materials (LaBr3 and LaCl3) are 
currently significantly more expensive than NaI(TI) and are generally not available in such large 
volumes, it is anticipated that they will become much more competitive within the next few 
years. Nevertheless, LaBr3 is already showing its special value by improving the ability to 
improve the quality of accurate isotope identification. 
The research of developing a portable, fast and high resolution detector for gamma ray 
spectroscopy is ongoing.  Researchers are also developing new economic methods for fabricating 
large scintillation crystals. Additionally, developments in electronics are going in parallel. 
Currently, scientists are trying to develop a scintillation detector named SrI2(Eu)  and study the 




The main objective of this thesis is to develop a high resolution portable gamma ray 
spectrometer using the newly developed LaBr3(Ce)  crystal [4]. In particular, the thesis aims to:  
1. Build a portable gamma spectrometer with better characteristics than the widely used 
NaI(TI) crystal. 
2. Characterize the spectrometer by modeling its response function over a wide range of 
gamma radiation from few keV to 3 MeV. 
3.  Experimentally characterize the spectrometer in different gamma radiation fields. 
The thesis consists of an introduction, three chapters, a conclusion, future work and the thesis 
ends with a list of references and appendices. The introduction gives a historical overview on 
radiation and states the current status of gamma radiation detection.  Chapter one is dedicated to 
a description of gamma ray interactions with matter and presents a literature review of different 
aspects of gamma radiation. Chapter two describes the methodology used in this work which 
consists of extensive Monte Carlo calculations using MCNPX modeling to simulate the response 
function of the built spectrometer, and building an experimental apparatus that includes a newly 
developed inorganic scintillation crystal LaBr3(Ce) mounted   on a photomultiplier and  viewed 
by a data acquisition system. Chapter three discusses the results of the modeling and 
experimental testing of the characteristics of the built spectrometer. The conclusion summarizes 
the main findings and gives some insights on the future use of the spectrometer to serve for 




Chapter 1 : Gamma-Ray Interaction and Detection 
 
 
Radiation is defined as the transmission of energy in the form of particles or waves in matter or 
space. Radiation is generally classified as: ionizing radiation (alpha, beta, protons, neutrons, X-
ray, gamma-ray) and non-ionizing radiation (radio waves, TV, microwave, infrared, visible light, 
ultraviolet). This chapter presents different aspects of gamma-rays which is the most energetic 
radiation type in the electromagnetic spectrum shown in Figure 1.1. 
 
As gamma ray (photon) has no mass and no electrical charge, it has a very penetrating power and 
only a sufficient thickness of heavy materials such lead can stop it. 
 
 





1.1. Gamma Sources and their Energy Span 
1.1.1. Gamma Rays Following Beta Decay 
When a radionuclide, parent, decays by beta-decay, the number of protons either decrease 
(positive beta decay) or increase (negative beta decay) resulting in a new excited nucleus. The 
new nucleus, daughter, will immediately de-excite through gamma-ray emission with an energy 
equal to the difference in energy between the initial and final nuclear states of the daughter 




The energy of naturally occurring gamma-ray sources based on beta decay is below 2.8 MeV, 













1.1.2. Annihilation Radiation 
 
When a parent nucleus undergoes positive beta decay, the positron travels a short distance 
through the encapsulation around the source which is sufficiently thick to fully stop the 
positrons. The positron combines with a negative electron in the absorbing materials. Both 
positron and electron disappear and two counter gamma-rays are emitted with 0.511 MeV 
[2,5,6]. 
 
1.1.3. Gamma Rays Following Nuclear Reactions 
 
 When a neutron, proton or alpha particle interacts with a nucleus, gamma rays are either emitted 
directly or following a beta decay process. For instance, when a neutron at a certain energy 
undergoes inelastic scattering, radiative capture, or fission, a direct gamma ray is emitted [2,5,6].   
  
 
1.2. Gamma Interaction with Matter 
 
When an incident gamma-ray passes through a medium, it deposits total or part of its energy to 
the medium releasing electrons with different energies. The three dominant types of interaction 




1.2.1. Photoelectric Effect 
When a gamma-ray passes through a material, it transfers its total energy to an electron and 
disappears. The electron emitted from the atom is called a photoelectron. A schematic of the 
process is illustrated in Figure 1.3 [2,5,6].  
 
Figure 1.3: Photoelectrons emission from a metal surface. 
 
In this process, the photon transfers its total energy to the electron. If the photon energy is less 
than the binding energy of the electron, the photoelectron is not liberated. The kinetic energy of 
the liberated photoelectron is calculated as follows:  
                                
 Where: 
     : The kinetic Energy of the liberated photoelectron; 
           : The energy of the incident photon (E=hν); 




The probability of photoelectron absorption depends on both the material atomic number, Z, and 
the energy of the incident photon. The energy of the incident photons causing this type of 
reaction is up to hundreds of keV. For certain energies, the higher the atomic number, Z, of a 
material, the more photoelectron production occurs.  As a result of the photoelectric process a 
photoelectron from the inner shells (K, L, and M) is liberated and the atom becomes ionized. The 
hole is quickly filled by another electron from the upper shells and an X-ray photon is emitted. In 
some cases, the latter X-ray is reabsorbed in the material and liberates another photoelectron 
from the less tightly bounded electrons. 
1.2.2. Compton Scattering 
The second process of gamma interaction with matter is Compton scattering. During this 
process, the incoming gamma-ray photon doesn’t disappear as in photoelectric interaction, but it 
transfers a portion of its energy to one electron and both of the gamma-ray photon and electron 
are emitted in different directions.  The incident gamma-ray photon is scattered through an angle 
θ with respect to its original direction with less energy as shown in Figure 1.4. This scattered 
angle of gamma-ray photon varies from zero to 180 degree corresponding to an energy 







Figure 1.4: Compton effect of an incident photon. 
 
 
The energy transferred to the recoil electron is simply the energy difference of the gamma-ray 
photon before and after the collision. The energy balance is given in the following equation: 
 
         
  
Where: 
  : Kinetic energy of electron. 
 : Max Plank constant (4.1356        eV.s) 
 :  Frequency of the incident photon. 
  : Frequency of the scattered photon. 
 
From the conservation low of energy and momentum, the scattered gamma has an energy that 
depends on the scattering angle and it is expressed as follow:  
 
    
  
   
   
        






    
     : is the rest mass energy of the electron (511 Kev) 
From the previous equation, small fraction of photon energy is transferred to electron when the 
scattered angle of the photon is small and vice versa.    Some important cases for gamma detector 
design and for gamma spectrometry are:   
 
 
I. In case the scattering angle (   zero) :  
    
    
  
   
   
        
(      )
     
 
The energy transferred to the electron is zero and the scatters photon has the same initial energy.  
 
 
II. In case the scattering angle (    π):  
 
    
  
   
   
   
     (      )
 
  
   
    
   
     
  
 
     (
    
        
   
    
        
) 
 
This is the maximum energy transferred to the electron which is important parameter when it 
comes to detector size. 
 
The probability of Compton scattering depends on the atomic number Z and the energy of the 
incident gamma-ray photon.  The higher atomic number is the more Compton scatting occurs. As 
the energy of emitted electron varies from zero to maximum (in backscattering), the energy 
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distribution of the emitted electron is a continuum between certain minimum energy and a 
maximum value. 
1.2.3. Pair Production 
The third process that takes place when a gamma ray passes through a material is pair 
production. This type of interaction is in fact a materialisation of energy that occurs when the 
energy of gamma-ray photon is at least 1.022 MeV which is twice the rest-mass energy of an 
electron. The interaction only takes place when a gamma-ray photon passes through the electric 
field of the nucleus (due to positive charge of protons), the gamma-ray photon disappears and an 
electron-positron pair is formed as shown in Figure 1.5 [2,5,6]. 
 
 





 If the energy of the gamma-ray photon exceeds 1.02 MeV, the formed electron-positron pair 













spectra, this energy corresponds to the position of the double escape peak. The energy balance is 
given by: 
                      
  
 
 Where:  
    : Kinetic energy of electron 
     Kinetic energy of positron 
 : Max Plank constant (4.1356        eV.s) 
 : Photon frequency 
    
 : Rest mass of electron (511 keV) 
As the emitted positron moves in the medium, it annihilates after slowing down due to its 
collisions with electrons in the medium. Two annihilation photons are emitted as a result of 
positron annihilation as shown in Figure 1.6.  
 






It should be noted that each of the previous gamma rays interactions has a probability based on 
the energy of the incident photons and the medium. Figure 1.7 shows the probability of each 















Figure 1.7: Probability of gamma interaction. 
 
 
1.3. Gamma-ray Attenuation  
 
Gamma-rays have a very penetrating power as they have no electric charge. They can be stopped 
completely in media that contains high atomic number Z as the probability of photoelectric 
absorption is high. When a gamma-ray photon passes through a medium, the intensity of the 































































      
     
Where 
I: gamma-ray intensity transmitted through a medium of thickness t 
  : Initial gamma-ray intensity 
t: medium thickness 
μ : attenuation coefficient. 
 
The total attenuation coefficient is defined as a linear sum:  
                                           
 
If the medium thickness is measured in centimetres, then the fraction of a beam of gamma rays 
that is absorbed or scattered per unit thickness of the medium is named linear attenuation 
coefficient (μl) with dimension cm
-1
. If the medium thickness is given in cm
2
/g, the attenuation 
coefficient is named mass attenuation coefficient (μm). The relationship between μl and μm is 
given by the equation,  
           




1.4. Gamma-ray Detectors 
 
 When gamma radiation passes through a medium it either ionizes or excites the atoms or 
molecules. All radiation detectors are based on measuring the number or amount of ionization or 
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excitation events occurring in the medium.  This section highlights different types of gamma 
radiation detectors.    
1.4.1.  Gas-Filled Detectors 
 
 Gas-filled detector generally consists of a cylindrical wall of gas pressure vessel (cathode) with 
a thin wire (anode) maintained at a high voltage at the center. The electrons released by gamma 
interactions (photoelectric or Compton) in the gas are collected at the wire and flow through a 




Figure 1.8: Schematic diagram of a gas-filled detector (from DOE Fundamentals 





Based on the voltage applied between the two electrodes, a gas-filled type detector has three 
different operation modes: 
Ionization Chamber: The applied voltage is low enough that only the primary electron(s) are 
collected and the electrical output signal is proportional to the deposited energy by the incident 
gamma photon.  
Proportional Counter:  When the applied voltage between the electrodes is increased, the 
primary ionized electrons attain more kinetic energy which causes more collisions and secondary 
electrons are created. The output signal is still proportional to the incident gamma ray photon.  
Proportional counters have an intermediate energy resolution between NaI(TI) and scintillation 
detector and germanium solid state detector. The proportional counter can be used for gamma 
spectroscopy with energy of a few tens of keV. 
Geiger Counters:  If the applied voltage is increased further, it multiplies the primary electrons 
such that the current pulse is independent of the initial photon energy and Geiger counter only 
counts the number of particles entering the detector;  it does not differentiate between the kinds 
of particles it detects or their energies.   
Figure 1.9 shows the relation between the applied voltage and gas-filled detectors [2,5]. 
Although gas-filled detector  are cheap and easy to use, they have poor energy measurements and 
are fairly slow due to the low Z and low density of commonly available gases allowing most 









1.4.2. Scintillation Detectors 
 
Scintillators are luminescent materials (solid, liquid or gas) that emit light after absorbing 
ionizing radiation. The light output is proportional to the absorbed energy which makes it 
suitable for energy measurements. The scintillation material may be organic or inorganic. 
However inorganic scintillators are more common in gamma spectroscopy. Organic scintillators 
contain mainly hydrogen and carbon so that Compton scattering predominates and the stopping 
power is small. The most common (considered as standard) organic scintillator is anthracene 
(C14H10). Inorganic scintillators are crystalline materials with high Z atoms so they almost have 
larger stopping power which is significant for efficient gamma detection. The most popular 
inorganics crystals are NaI(TI) and CsI.   
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The scintillation mechanism in an inorganic crystal occurs when the incident gamma photon 
excites an electron in valance band to jump into the conduction band (creating electron-hole 
pairs). In pure crystals, when the crystal molecule de-excites, the electron returns from the 
conduction band to the valence band with the emission of a photon of too high energy to lie in 
the range of wavelengths (visible range) to which the PMT is sensitive. To get a photon emission 
in the visible range, small amounts of impurity, called activators, are added to the inorganic 
scintillation crystal. As a result, new energy levels are created in the forbidden band of the pure 
crystal, (Figure 1.10) and the positive hole will drift quickly to the location of the activator and 
ionize it. At this stage, the electron can drop from the conduction band into the activator energy 
states.  As the energy levels become closer than that of the full forbidden band of a pure crystal, 









The inorganic scintillator produces different kinds of light emissions that have different time 
characteristics. These light emissions are classified into prompt fluorescence, phosphorescence 
and delayed fluorescence. A good scintillator produces large amount of prompt fluorescence than 
phosphorescence and delayed fluorescence. As the time constants of the measurement circuit are 
Figure 1.10: Energy levels created in forbidden band.   
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set much smaller than typical phosphorescence and delayed fluorescence decay times, mainly 
prompt fluorescence contributes to the output pulse.  When long-lived light (phosphorescence 
and delayed fluorescence) arrives at the light sensor, it is normally undistinguished from random 
noise. 
 
The choice of scintillation crystal is based on some parameters such as high stopping power, 
small decay time for the light emitted, high light output, transparency and stable physical 
characteristics. There is no material that meets all the required criteria simultaneously, and the 
choice of a particular scintillator crystal is always a compromise among these and other 
operation conditions.   
 
Since few hundred photons are produced from the scintillation process, the need to convert this 
weak light into a corresponding electrical signal is necessary.  A photomultiplier (PMT) is a 
device that has been used to convert weak light signals into a usable current pulse without adding 
a huge amount of random noise to the signal. The vacuum photomultiplier tube consists of three 
parts; photo-emissive cathode (photocathode), focusing electrodes, electron multipliers 
(dynodes) and an electron collector (anode) as shown in Figure 1.11 [2,5].  
 
When light hits the photocathode, the photocathode emits low energy photoelectrons into the 
vacuum tube. These photoelectrons are then directed by the electric field of focusing electrode 
towards the dynodes where electrons are multiplied by a secondary emission process. After 











Figure 1.11: Schematic of photomultiplier principle (from photomultiplier tube basics and 
applications, 3
rd
 edition, Hamamtsu). 
 
All photomultipliers used in scintillation counting perform electron amplification in a very linear 
way, producing an output electrical signal that is proportional to the number of original 
photoelectrons which is in turn proportional to the incident radiation energy as shown in Figure 
1.12 [2,5]. Additionally, the timing of original light pulse is reserved within a few nanoseconds 






Figure 1.12: Proportionality of the photomultiplier signal and the energy of the incident 
photons (from photomultiplier tube basics and applications, 3
rd
 edition, Hamamtsu). 
 
1.4.3.  Solid-State Detectors  
Solid-state detectors can be used to directly detect gamma ray. When an incident gamma photon 
passes through a solid-state crystal, it excites electrons to the conduction band so that current 
pulse is created. Germanium is the most common semiconductor material used to produce solid-
state detectors as it has higher Z than silicon. Because high purity germanium (HPGe) crystals 
has relatively low band gap, the crystal must be cooled to reduce the thermal charge carriers to 
have high energy resolution. The detector is mounted in a vacuum chamber that is inserted into a 
Dewar which contains liquid nitrogen of temperature 77 K (-320.8 F) as shown in Figure 1.13. 
Germanium detector has the best energy resolution among all detectors. This means that if 
multiple gamma-ray energies are being detected, the germanium detector will do a better job of 
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separating them cleanly. The only drawbacks of solid-state detectors are its high cost and the 




Figure 1.13: UOIT high energy gamma spectroscopy system. 
 
 
1.5. Gamma-ray Dosimetry 
 
1.5.1. Gamma-ray Exposure  
Gamma-ray exposure is a measure of number of electric charges (either positive or negative) 
produced by ionizing photons interactions (gamma radiation and/or X-ray) per unit mass of air [2 
,6]. The exposure X is given by dQ/dm. It is commonly expressed in units of roentgens (R) or 
milli-roentgens (mR). The SI unit for exposure is measured in coulombs per kg (C/kg), where 
1 R=2.58 x 10
-4
  C/kg 
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 The exposure rate represents the rate of charge formations per unit mass of air and is commonly 
expressed in roentgens per hour (R/h) or milli-roentgens per hour (mR/h). To calculate the 
exposure rate of an isotropic point source that emits gamma-rays at discrete energies, one can use 
the following formula. 
 ̇  
          
  
  ∑(     (








 ̇: Exposure rate in R/h 
A: Source activity in Becquerel is 
    : Gamma photon energy in MeV 
     : Absorption coefficient in cm
2
/g 
r: Distance from the source in cm 
   
1.5.2.  Absorbed Dose 
 
Absorbed dose is the amount of energy absorbed per unit mass of the material. Absorbing 
materials of high atomic number absorb more energy [2,6]. The absorbed dose is expressed in 
rad defined as 100 ergs/gram. The SI unit of absorbed dose is gray (Gy) is defined as 1 
joule/kilogram. The two units are related as  
1 Gy = 100rad 
 
The absorbed dose rate is expressed by the following formula [6]:  
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1.5.3.  Dose Equivalent 
 
The concept of dose equivalent has been used to quantify the probable biological effects of the 
given radiation exposure [2]. The severity of radiation is directly related to the local rate of 
energy deposition along the particle track, known as the linear energy transfer LET. The Dose 
equivalent is defined  
     
Where: 
D: Absorbed dose  
Q: The quality factor that characterizes the specific radiation  
 
The unit used for dose equivalent H depends on the corresponding unit of absorbed dose D. If D 
is expressed in rad, H is defined to be in units of rem. The SI unit, D is instead expressed in 
grays, and a corresponding unit of dose equivalent called the Sievert (Sv). 
1 Sv= 100 rem 
 
1.5.4.  Fluence to Dose Conversion Factor 
The fluence ( ) of a monodirectional beam is simply the number of photons per unit area, where 
the area is perpendicular to the direction of the beam. For a point source, the fluence is defined as 
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         .  For complicated geometries, the fluence and energy spectrum at a given location 
can be defined using radiation transport codes [2,6].  
 
The number of counts from a typical radiation detector is closely related to fluence concept. 
Therefore, a conversion between fluence and dose is very useful in interpreting measurements by 
using a detector. To get an approximation of the overall biological effect of a uniform, whole 
body exposure to the fluence, the effective dose equivalent HE is defined as  
       
Where     (Sv.cm
2
) is the fluence to dose factor.  Figure 1.14 represents the values of     for 
gamma rays. The figure shows the importance of knowing gamma spectra for accurate 
evaluation of dose rate.   


























1.6. Gamma-ray Spectroscopy 
 
Gamma ray spectroscopy is a qualitative-quantitative method for radionuclide identification. For 
instance for neutron activation analysis, each radionuclide is identified by its emitted gamma 
energy and the concentration of each radionuclide can be identified by the height of its peak as 
show in Figure 1.15 [2,5].  The most common detectors used in gamma spectroscopy are sodium 





Figure 1.15: Gamma spectra from different elements in an irradiated sample (from 







1.6.1. Response Function 
Since the objective of this thesis is the development of high resolution gamma spectrometer, it is 
worthwhile to give a theoretical background behind the response function of a gamma 
spectrometer. This section is dedicated to such purpose. 
 The readout of gamma spectra (detector response) depends on the energy of incident gamma 
photon, the size of the scintillation crystal and the effect of surrounding material (shielding) of 
source. The following section justifies the different peaks that appear in gamma spectra for a 
bare radioactive source interacting within an intermediate size scintillation crystal. 
I. Full Energy Peak 
It takes place when the incident gamma photon transfers all its energy to one electron 
(photoelectric effect) inside the detector as shown in Figure1.16 [2,5]. 
 









Figure 1.17: Full energy peak in Gamma spectra.  
 
II. Compton Continuum and Compton Edge 
When the incident gamma photon transfers a fraction of its energy to an electron (Compton 
scattering) inside the detector.  The scattered gamma photon will, take the remaining gamma-ray 
energy.  The response of the detector will show a distribution of Compton recoil electrons 
reflecting all possible gamma scattering angles between zero and   as shown in Figure 1.18 
[2,5]. 
 




III. Single Escape Peak 
When the incident gamma energy (E >1022 keV) undergoes pair production event,  there is a 
possibility that one of the annihilation escape from the detector depending the location of the 
interaction as shown in Figure 1.19. When this happens, a peak can be observed at energy equal 
to ( E 511) keV [2,5]. 
 
Figure 1.19: Gamma-ray originated from annihilation process escapes from the detector. 
 
IV.  Double Escape Peaks 
If both annihilation photons escape form crystal as shown in Figure 1.20 , then a peak can be 
observed at ( E – 1022) keV [2,5]. 
 





The overall gamma spectra of incident gamma photons of energy higher than 1022 KeV 
interacting within the scintillation crystal is shown in Figure 1.21 [2,5]. 
 
Figure 1.21: Overall gamma spectra of medium size gamma detector (from G.Knoll, 
radiation detection and measurement, 3ed). 
 
 
1.6.2.  Energy Resolution  
 
Theoretically, if a photon transfers all its energy to electron, all the pulses from the full energy 
events should have the same height. However, in practice it is found that the height values are 
spread over a narrow band of channels of the Multi-Channel Analyser (MCA). The energy 
resolution of a detector is its ability to distinguish between two close peaks. This parameter is 
one of the most important criteria in gamma radiation spectrometry and isotope identification. 






   




FWHM: The full width at half the maximum height of the peak on the spectra. 
  : The energy of the gamma line. 
This definition assumes that any background or continuum on which the peak may be 
superimposed is negligible or has been subtracted away.  The energy resolution is commonly 
expressed in percentage (%). Commonly, the resolution decreases as energy increases. The 
energy resolution is dependent on intrinsic properties of the crystal, and the type and setting of 
the electronic modules being used. 
 
Figure 1.22 presents one of our control experiment to measure the resolution of NaI(TI) detector. 
 
 
























Many applications such as radiation dosimetry, shielding, nuclear medicine and radioisotope 
identification depend mainly on measuring and distinguishing between close gamma photo-
peaks.  In other words, the need to develop high energy resolution gamma spectrometry is very 
crucial.  
Figure 1.23 highlights the significance of this issue in gamma radiation measurement. The two 
readouts represent the energy of a gamma source using two different detectors of the same size 
under the same conditions.  The area under the two peaks is the same. The photo-peaks are 
centered at the same average value, the dispersion of the photo-peaks are different because of the 




Figure 1.23: Two different readouts of a gamma emitter using different detectors. 
 
If the detectors are used to detect multiple gamma sources that emit close gamma energies, the 
readouts will dramatically worse as shown in Figure 1.24. It is clear from this Figure that the 
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poor resolution detector cannot be used for spectroscopy as it cannot distinguish between the 
close gamma energies. 
 


















Chapter 2 Methodology Description 
 
In this chapter, the methodology used in this study will be described. It consists of two parts: the 
first part deals with the modeling and simulation of the response function of the detector using 
advanced Monte Carlo code MCNP/X version 2.7. The second part of the methodology 
described the experimental apparatus used in this study. 
2.1. MCNP/X Simulation. 
 
Monte Carlo N-Particle (MCNP) is a powerful modelling code for particle transport. It is used in 
several transport modes:  neutrons, photons, electrons, or coupled neutron/photon/electron 
transport. The code was developed at Los Alamos National Laboratory during the Manhattan. 
The last test package of the code is MCNPX 2.7.E (Monte Carlo N-Particle eXtended), was 
released in March, 2011. This version is not limited only to simulate neutron, electrons and 
photons but it allows simulating 34 particles and more than 2000 heavy ions over a broad range 
of energies.  
Many applications have benefited from MCNP code such as detector design, radiation protection 
and dosimetry, fission and fusion reactor design, accelerator applications, nuclear medicine, 
homeland security and much more. 
Monte Carlo does not solve the transport equation as deterministic methods, but rather it follows 
each of many particles from a source throughout its life to its death (absorption, escape) [7,8].  
Probability distributions are randomly sampled using transport data to determine the outcome at 
each step of its life. For illustration, Figure 2.1 represents the histories of three incidents gamma 
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photons on a material. Based on the probability of interaction, these gamma photons interact with 
matter differently. As more particles are followed, the gamma photon distributions become better 
known. The quantities of interest are tallied, along with estimates of the statistical precision of 
the results.  
 
 
Figure 2.1: Illustration of photon transport in MCNP.  
 
MCNP tallies are printed in the output accompanied by a second number R, which is the 
estimated relative error defined to be one estimated standard deviation of the mean divided by 
the estimated mean. 
2.1.1 MCNP Input File 
The input file is a file that contains all the inputs and required output from the model. To create a 
model, MCNP input file contains three blocks, with a specific command lines, required to 
describe the problem. The card lines define the geometry and material of the medium, type of 




I. Cell block 
In this block, the user applies intersection, union, and complement between the surfaces 
bounding the volume or cell [7,8,9]. The cell card is defined as 
Cell Number          Material Number/ void        Density       Union/intersection of surfaces 
Where: 
 Cell Number:  arbitrary number selected by the user, but it is recommended to be 
numbered sequentially starting with one. It should not exceed five digits.  
 Material Number: arbitrary number selected by the user. If the cell is void, this value is 
zero. It should not exceed five digits. 
 Density:  Negative entry for mass density [g/cm3] 





                            No density is entered for a void cell 
 Union/intersection of surfaces:  a space indicates intersection   
                                                                  a colon indicates union 
 IMP:  It defines the importance of the cell for a certain type of particle. The value either 









II. Surface block 
Any geometrical shape consists of surfaces in different positions in the three-dimensional space. 
In this block, the user defines the shape and position of different surfaces such as a plane, 
cylindrical, sphere, etc [7,8,9]. There are two ways to specify a surface in MCNP. 
a. Providing the coefficients of the surface equations 
The numerical coefficients of each surface equation should be assigned in a proper order. The 
surface card is defined as   
Surface Number                 Mnemonic                Card 
Where: 
 Surface Number: is an arbitrary number selected by user. It should not exceed five 
digits 
 Mnemonic:  alphabetic mnemonic that indicates the surface shape.   
 Card Entries:  numerical coefficients of the surface equation.  
 
b. Providing Points that Define a Surface 
The user can define a surface by supplying known points on the surface. In this case, there are 
other mnemonics and card entries of the surfaces.  
Surface Number              Mnemonic                Card Entries        
#                                      rcc                     Vx Vy Vz Hx Hy Hz R  





rcc: right circular cylinder. 
Vx,Vy,Vz: coordinates of the center of the base. 
Hx,Hy,Hz: a vector along the axis. 
R: radius 
 
In MCNP code each surface has a negative side and a positive side. A point within a spherical 
surface is negative with respect to the spherical surface and a point outside the spherical surface 
is positive with respect to the surface.   
 
III. Data block 
This block contains all information about material specification, cross section specification, 
radiation source, tallies, variance reduction and other parameters [7,8,9]. 
a. Material Specification card (Mm) 
The Mm card specifies the isotopic composition and cross section for all cells containing 
material m, where m refers to the material number on the cell card. The material can be 
either specified by its atom fraction or mass fraction.  
 
b. Mode card  
MCNP code deals with particles transport in different modes as shown in table 2-1. If a 
mode card is not included in the input file, it will be considered as for mode N (neutrons) 
by default.        
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c. Radiation Sources card 
The SDEF card is used to specify different types and shapes of radiation sources in 
MCNP. This card has many parameters that define the characteristics of the source such 
as particle type, shape, energy, position, etc. The MNCP input file should contain only 
one SDEF card. Unless the radiation source is defined explicitly, three other cards must 
be used such as SI (Source Information), SP (Source Probability) and SB (Source Bias).  
 
d. Tallies card 
A tally card is the output that one needs from the simulation. The tally could be a current 
across a surface, flux at a point and energy deposition.  The tallies are identified by tally 
type (given a number 1, 2, 4, 5, 6, 7, 8) and particle type (N: Neutron, P: Photon, E: 
Electron). There are seven basic neutron tally types, six basic photon tally types and four 
basic electron tally types are available as standard tallies. Table 2-2 shows different 
tallies in MNCP code. All tallies are normalized to be per source particle unless changed 
by the user.  
Mode Description 
N Neutron transport only 
N P Neutron and neutron-induced photon transport 
N P E Neutron, neutron-induced photon and electron transport 
P Photon transport only 
P E Photon and electron transport 
E Electron transport only 
N Neutron transport only 




Table 2-2: Different tally types available in MCNP 
 
Tally Mnemonic Description 
F1:N   or  F1:P  or  F1:E Surface current 
F2:N   or  F2:P  or  F2:E Surface flux 
F4:N   or  F4:P  or  F4:E Track length estimate of cell flux 
F5a:N or  F5a:P Flux at a point (point detector) 
F6:N   or  F6:P  or  F6:N,P Track length estimate of energy deposition 
F7:N Track length estimate of fission energy deposition 
F8:P    or  F8:E  or F8:P,E Energy distribution of pulses created in a detector 
 
 
  To add many basic tallies in the input file, use multiples of 10 to the tally number, but it 
should not exceed three digits. For example F2:N, F12:N, F32:N, F922:N are all 
legitimate neutron surface flux as the last number refers to the tally type. They could be 
all for the same cell but with different energy bins. To get more tally information, the 
user can use a combination of different cards MCNP provides the relative error of the 
tally. Unless the error is fairly low, the results cannot be believed reliable.  For detectors 
the results are reliable when the error is below 5%. 
 
e. Cuttoffs Card 
There are many ways to reduce the execution time of MNCP Code, however cutoffs 
cards can easily do the job. These cuttoffs cards are NPS and CTME [8]. The user can 
use one or both of these cards, however when one of these conditions occur first the 






f. Print Card 
MCNP code provides a lot of information about the simulation in tables. Some of these tables 
cannot be avoided (basic tables) while others can be turned off (default tables) 
2.1.2 Geometry Model of LaBr3(Ce) 
  To simulate the response function of the detector, a cylindrical LaBr3(Ce) crystal has been 
modeled  with the same manufacturer dimensions (16×20 mm). The crystal was simulated 
without 0.5 mm aluminum hermetic housing.  The simulations were carried out for 10
6
 particles 
to reduce the statistical error in results. For illustration, Figure 2.2 shows the 3D model of the 
cylindrical LaBr3(Ce) crystal from MNCP/X visual editor. A special feature called Gaussian 
Energy boarding (GEB) in MCNPX has been activated to take into account the resolution of the 
detector. The resolution of all full-energy peaks appear in simulations was taken as 2.7% 
(The resolution of 
137
Cs from manufacture’s manual). 
 
In addition, two different sizes of ϕ 0.5in×0.5in and ϕ 0.6in ×0.8in of LaBr3(Ce) crystal have 




Co.  Also, a ϕ 3in×3 in LaBr3(Ce) has been also simulated and 
compared with the data obtained 3in x 3 inNaI(TI) as presented in appendix E.  
2.1.3 MCNP/MCNPX Visual Editor 
Creating MCNP/MCNPX input file with a line editor is both tedious and error prone as it entails 
arduous descriptions of geometry, tallies, sources, and optimization parameters. These input files 
may contain thousands of lines, and once the input file is created, substantial additional time is 
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often required to plot and test the geometry and to correct any errors. The Visual Editor
 
was 
developed to assist the user in easily displaying geometries and in the creation of MCNP input 
files. Work on the Visual Editor started around 1992. The first release to RSICC was in 1997. 
The Visual Editor code became part of the MCNP package with the release of version 5 of 
MCNP. The Visual Editor allows the user to easily set up and modify the view of the 
MCNP/MCNPX geometry and to determine model information directly from the plot window 
[10]. 
The Visual Editor also allows the user to interactively create an input file with the help of two or 
more dynamic cross sectional views of the model.  Figure 2.2 shows one of LaBr3 crystal model 
used in the simulation. 
 
 






Additional powerful features include [10]: 
• Two side-by-side 2-D plots of the geometry. 
• Capability to plot source points to verify the MCNP/MCNPX source. 
• Optional 3-D views using either ray tracing or dynamic wire mesh displays. 
• Capability to dynamically build geometry while viewing it as it evolves. 
• Optional manual editing of the input file and immediate re-initialization with the changes 
showing up in the plots. 
• Dynamic input of materials, transformations, and importances (using the mouse). 
• Dynamic displays of particle tracks, cross sections, and tallies. 
• A surface wizard to optionally assist the user in creating surfaces while visually being able to 
see the surface types. 
• A cell wizard to assist the user in creating cells. 
• Optional import and conversions of a CAD file to an MCNP/MCNPX input file. 
 
2.2   Experimental Investigation 
 
  To validate the built MCNP code, experimental measurements have been performed using a 
cylindrical inorganic scintillation crystal of LaBr3(Ce). The crystal has been coupled to a R3998-
02 Hamamatsu Photomultiplier Tube (PMT).  A thin film of silicon optical has been spread over 
the PMT window to reduce the light emission refraction index. The PMT has been connected to 
a compact multichannel analyzer (MCA) and DAQ kit.  The MCA is connected to a PC via USB. 
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The pulse height spectra and data processing has been handled using data analysis IGOR Pro 
software.  
Standard gamma sealed radiation sources were used to test the response function of LaBr3(Ce). 
To compare the performance of the crystal of LaBr3(Ce) with other, the same detection chain has 
been used. Among crystals used in comparison were NaI(TI) and LiI(Eu) crystals.  
 
2.2.1    Experimental Setup 
The experimental setup is shown in Figure 2.3. It consists of a radiation source, the gamma 
sensor mounted on a photomultiplier and viewed by a compact data acquisition system which in 
turn is connected to a laptop for further data processing. 
 
Figure 2.3: Experimental Setup of the Radiation Detection System. 
 
The following sections describe the characteristics of each component used in the detection 





2.2.1.1 Gamma Radiation Sources 
 
A package of gamma ray sources from Spectrum Techniques Inc. was used to test the response 
function of the LaBr3(Ce) crystal [25]. The radionuclide sources were selected to cover low, 
medium and high energy of gamma sources encountered in many industrial applications. Table 
2-3 shows the radionuclide sources used in experiments. Each source was measured separately 
then the radionuclide sources were measured simultaneously to test the ability of the 
spectrometer to resolve different gamma lines.  
 
Table 2-3: Radionuclide sources used in different experiments. 
Source Activity, µCi Half-life Energy  (MeV) 
Ba-133 1 10.8 y 
0.081, 0.276, 0.303, 
0.355, 0.384 
Cd-109 1 462 d 0.088 
Cs-137 1 30.2 y 0.662 
Co-60 1 5.27 y 1.173, 1.333 
Mn-54 1 313 d 0.835 
Na-22 1 2.6 y 0.511, 1.275 
 
2.2.1.2  Scintillation Crystal LaBr3(Ce)  
 
Two different cylindrical shapes of LaBr3(Ce) scintillators of 16×20 mm and 13×13 mm 
manufactured by Saint-Gobain Crystals Inc. have been used in this study. Each is encased in 




Figure 2.4: LaBr3(Ce) scintillation crystal.  
 
The crystal has a hexagonal structure with a high density of 5.08 g/cm
3 
(50% higher than 
NaI(TI)) and melting point of 783 
o
C [4,15]. It is highly hygroscopic and water soluble. LaBr3 
crystal is activated with Cerium (Ce) to enhance its scintillation propriety.  
 
Table 2-4 shows some physical characteristics of LaBr3(Ce) crystal. It has superior scintillation 
properties when compared to NaI(TI) as shown in table 2-5. It also produces very high light 
output of ~ 60,000 ph/MeV. Its wavelength of light emission is 380 nm and its decay time is ~16 














Thermal expansion coefficient (10
-6
/C) 8 along C-axis 
Cleavage plane 100 
Refraction index at emission max 1.9 
 






        
From mechanical point of view, LaBr3(Ce)  crystal has robust mechanical characteristics.  The 
crystal is designed to survive 1000 g shock, 30 g rms random vibration and 200 
o
C temperatures 
[4,28]. This makes the crystal suitable for some applications such as oil well logging [4].  
  
 One of the most important propriety for gamma radiation spectroscopy is the ability of the 











LaBr3(Ce) 5.1 65 16 380 
NaI(TI) 3.7 39 250 415 
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including LaCl4(Ce) [20]. For instance, as we will see later, the resolution at 662 keV (FWHM) 
of both laBr3 and NaI(TI) is 3.4%  and 7.5% , respectively.   
 
In terms of hardness, one of the advantages of LaBr3(Ce)  is that, its radiation damage resistance 
is much better than NaI(TI). Thus, it is very useful to use the LaBr3(Ce) for space missions 
where high flux of protons and gamma radiation exist [17,18].  A study has reported  a drop in 
light output (~8%) and a pulse height resolution at 662 keV changes from 3% to 3.8%  after 
irradiating  unpackaged LaBr3(Ce) crystal by 
60
Co up to 1kGy. However the study shows that the 
rate of deterioration slows significantly and the performance is still good even after 111 kGy [4]. 
 
Regarding the temperature behaviour of the LaBr3, at room temperature, the light output of 
LaBr3(Ce) is 160% higher than NaI(TI). As the temperature increases, the light output becomes 
intensely greater at high temperatures than NaI(TI) [4,29,30].  
 
Finally, The superior resolution of LaBr3(Ce), makes it very useful to be used for radioisotopes 
identification especially for security application such as weapon-grade 
239
Pu and highly enriched 
235
U in the presence of high background. However, one drawback of LaBr3(Ce) is that, it cannot 
identify 
40
K which is found in background and many commercialized products. This is because 
the gamma produced by 
40
K at 1461 keV is hardly indistinguishable from the gamma peak at 
1436 keV produced by 
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2.2.1.3  Optical Silicone Grease 
 
To collect the maximum numbers of photons emitted from LaBr3(Ce) of wavelength 380 nm,  a 
thin film of Eljen optical grade silicone grease has been spread over between the LaBr3(Ce) 




Figure 2.5: Transmission of silicone grease as a function photon wavelength 
 
2.2.1.4   Photomultiplier Tube 
 
In this research, a photomultiplier R3998-02 manufactured by Hamamatsu has been used. The 
PMT is a Head-on type, of diameter ϕ28 mm and it has 9 dynode stages with a Bialkali 
photocathode as shown in Figure 2.6. The maximum quantum efficiency is 27% for a 
wavelength response of 420 nm.   The PMT was operated at high voltage of 800 V to avoid 
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signal saturation [21]. The PMT R3998-02 has been chosen because it matches the wavelength 
of emission spectra emitted from LaBr3 crystal. In appendix B, we have detailed all the 




Figure 2.6: R3998-02 PMT from Hamamatsu (ref. lower photo from Hamamatsu manual). 
 
The characteristics and performance of a photomultiplier is affected by the transmission of the 
window material that the light passes through (faceplate), the material of the photocathode and 
performance and by the arrangement of the dynodes.  The following sections describe the 
importance of each element of PM tube design and their influence on overall performance. 
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a. Window Material 
 
As window material determines the spectral response of short wavelength cutoff, the material of 
the window must be selected carefully according to the application. The window can be 
produced either from borosilicate glass, UV-transmitting glass, quartz (synthetic silica), or 
magnesium fluoride. For gamma detection, the most frequently used window material is 
borosilicate glass as most of inorganic scintillation crystals produce light emission with 
wavelength above 300 nm as shown in Figure 2.7. In our case, the window material of R3998-02 
Hamamatsu  is made of a borosilicate glass which is suitable to the light wavelength  (380 nm) 
produced by the LaBr3(Ce) scintillation crystal [23].  
 
Figure 2.7: Different materials of PMT window (from photomultiplier tube basics and 
applications, 3
rd
 edition, Hamamtsu). 
 
b. Photocathode Material 
 
The most significant characteristic for a photocathode material is to have a low work function.  
The photocathode is coming in different materials depending on the application. For gamma 
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detection, bialkali  materials (Sb-Rb-Cs, Sb-K-Cs) gives the highest quantum efficiency (27%)  
and the lowest dark current .  This following Figure 2.8 shows the quantum efficiency for 
R3998-02 Hamamatsu used in this research [23]. 
 
 
Figure 2.8: Quantum efficiencies of different photocathode materials (from photomultiplier 
tube basics and applications, 3
rd
 edition, Hamamtsu.) 
 
 
2.2.1.5  Multi-Channel Analyzer (MCA)  
 
 A high-performance embedded multichannel analyzer and front-end data acquisition 
manufactured by BridgePort Instrument (eMorpho Kit) has been used in this research [26].  The 
eMorpho offers 4096 channels and its typical readout time is 32 ms [23]. This MCA has a pileup 
rejection through a multi-in pattern recognition.  The MCA can be connected to a PC via USB. 
The pulse height spectra and data processing has been handled using data analysis IGOR Pro 
software. Figure 2.9 shows MCA. Using digital signal processing, eMorpho identifies arriving 
pulses, measures energy and arrival time, and performs pulse shape analysis. The eMorpho also 
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provides a power and control interface to operate active photomultiplier under computer control. 
This convenient and elegant integration of the high-voltage source into the front-end data 
acquisition allows creating a tight control loop for gain stabilization [23]. 
 
 
Figure 2.9: EMorpho MAC and DAQ Kit  (from BridgePort Instrument website). 
 
The firmware is organized into a number of independent modules in shown in Figure 2.10. 
Beyond the basic signal processing, these include the communications interface, the control 
registers, the diagnostics and statistics registers, the histogramming unit, the waveform capture 
and the list mode unit. The modular organization makes it possible to easily customize the 
firmware to user specifications [23]. The theory of operation of the multichannel analyser is 





Figure 2.10: Different modules of signal processing (from eMorphoBrief-U5). 
 
2.2.2 Software  
I. Igor Pro 
 
IGOR Pro is powerful software for data analysis, image processing, scientific graphing, built-in 
programming environment and data acquisition support [27]. After installing eMorpho driver in 
same directory of IGOR PRO software, a pull-down menu called Morpho is generated in IGOR 
PRO menu bar. The interface of IGOR PRO contains three main windows, Spectrum Panel 
window, Trace Panel window and Basic Control window as shown in Figure 2.11. The spectrum 
panel displays the energy versus counts, the Trace Panel is an oscilloscope-like display of pulses 






Figure 2.11: IGOR PRO Interface. 
 
After connecting eMorpho to the computer using a USB cable, all parameters of the experiment 
are setup i.e. voltage to the PMT, gain, time measurement and others see Figure 2.12.  In 
addition, EMorpho software includes a function to create default settings for all relevant signal 
processing parameters for the corresponding scintillation crystal [23].  Appendix D illustrates the 
parameter of the control panel. 
 
 





II. Origin lab  
 
For data processing, we have used Origin software as shown in Figure 2.13. It is a software 
application developed by OriginLab Corporation for data analysis, graphing, and programming.  
Origin contains powerful tools for curve fitting, statistics, signal processing , Curve smoothing 
and peak analysis.  Origin supports many common formats for importing data, and exporting 
results such as Microsoft Excel, MATLAB, SigmaPlot, Mathematica, Sound (WAV).  
 
 
Figure 2.13:  Interface of OriginLab software.  
 
Origin offers more than 70 built-in graph types. After customizing the graph, it can be exported 
directly into Microsoft Word file using copy-paste. The graph can be edited directly from the 
word file. By clicking on the graph form the work file, Origin will open automatically then after 
editing the graph all changes will be save and appear directly in the word file. 
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III. LabVIEW Interface 
 
In this research, a Lab VIEW interface was initiated for online gamma emitter identification and 
gamma dosimetry as shown in Figure 2.14. The interface shows the gamma spectra of the 
radionuclides and locates each photopeak. Further development using a calibration data, the 
software can identify the detected radionuclides and gives an approximate value of the dose rate 
after unfolding the measured spectra.  
 
 










Chapter 3 : Results and Discussion 
 
 
At the UOIT radiation facilities, a total of seven experiments have been carried out in a wide 
range of gamma energies.  In addition, an advanced Monte Carlo code has been used to simulate 
the response function of the built spectrometer. Thus, models for LaBr3(Ce) crystal with two 
different sizes along with other crystals have been built.  In the following sections, the obtained 
results will be discussed. First, the simulation data will be presented, analyzed and compared 
with experiments. Second, the characteristics of the spectrometer such as resolution will be 
discussed and finally a comparison that includes the influence of the crystal size will be 
addressed.   
3.1 Response Function of LaBr3(Ce) Spectrometer 
3.1.1 Irradiation with Cesium-137   
When 
137
Cs decays by negative beta decay, a mono-energetic gamma ray is emitted at 661 keV 
as shown in Figure 3.1. To simulate detector response function, the MCNP/X model, explained 
in Chapter 2, has been irradiated with an isotropic point source of 
137
Cs.  
The incident gamma ray (661 keV) interacts with the crystal by two processes; mainly 
photoelectric effect and Compton scattering. The resulting electrons from both processes 
deposited their energies in the crystal. An electric pulse which is proportional to the deposited 










Figure 3.1 Decay scheme of 
137




As shown in Figure 3.2, the full energy transferred by the incident gamma ray to the electron 
gives a peak at 661 keV.  At the same time, electrons emitted at different angles have different 
energies and the output constitutes a distribution of energies. The bump at 477 keV (Compton 
edge) represents the maximum energy transferred to electron when the incident gamma ray 
photon scatters at  .   
To validate the simulation data, an experimental setup has been designed. Thus, 1       source of 
137
Cs has been placed in front of the detector and the measurement has been conducted. The 
results of the simulation and experiment are shown in Figure 3.2.  A close examination of the 
two spectra shows that both of them have the same features. More specifically, the Compton 
continuum as well as the photo peak are in close agreement.  
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It is worthwhile to mention that, in the low energy region of the experimental spectra, there is 
bump at around 200 keV, which does not appear in the spectra of the simulation. These extra 
events are due to the fact that the crystal was simulated without the aluminum housing. In fact, 
the crystal is encapsulated in 0.5 mm aluminum hermetic housing that creates a background in 
the experimental result such as backscattering. As the energy of the incident gamma is less than 
1022 keV, no pair production process takes place inside the detector. 


























































3.1.2  Irradiation with Cadmium-109  
In the second experiment, we have irradiated the model with low mono-energetic energy gamma-
ray source of 
109
Cd. When the cadmium isotope decays by electron capture, a mono-energetic 
gamma ray is emitted at the energy of 88 keV as shown in Figure 3.3.   
An isotropic point source of 
109
Cd has been placed in front of crystal and the response function 









Figure 3.3:  Decay scheme of 
109




Due to its low energy, when the incident gamma ray (88 keV) interacts with, the LaBr3(Ce) 
crystal, two processes take place, mainly the photoelectric effect and the Compton scattering. 
The resulting electrons travel inside the crystal and deposited their energies in the sensitive 
65 
  
media of the scintillator. After tracking the emitted electrons, the pulse height spectrum has been 
constructed. The distribution of energies up to the full photo-absorption represents the response 
of the detector to the irradiating source. 
In Figure 3.4, the full energy, transferred to electrons from gamma rays, gives a peak at 88 keV. 
The Compton scattering events have a low interaction cross section at this energy and therefore 
they do not have a significant contribution. 
After simulating the response function of the detector, an experimental setup has been designed 
to carry out measurements with the same source.  Thus, a 1       source has been placed in front 
of the detector and measurement as been conducted. The pulse high spectra obtained in both 
simulation and the experiment are shown in Figure 3.4. The examination of the two spectra 
shows the same features.  More specifically, the photo peaks are in an excellent agreement.  
The bump at 55 keV is due to “X-ray escape” which takes place when the photoelectric 
absorption occurs close to detector surface. This peak is prominent at low incident gamma ray 
energies. This X-ray escape peak appears in both simulation and experimental results.  
Since the incident gamma ray is less than 1022 keV, no pair production interaction takes place 
inside the crystal. Also there are no peaks at low energy (backscattering) in simulation since the 









































































3.1.3 Irradiation with Barium -133 
In view of the fact that the built spectrometer has been developed to operate in a wide range of 
gamma energies with the ability to identify different isotopes, in the third experiment, we have 
chosen a multi-line source for testing the response of the detector in medium energy range of 
gamma radiation. The best candidate for this region is 
133
Ba radioisotope which is commonly 
used as a standard source to calibrate gamma radiation spectrometers in medium energy range. 
When 
133
Ba decays to 
133
Cs by electron capture, five gamma rays are emitted at different 










Figure 3.5:  Decay scheme of 
133







Additionally, we have simulated the response function of the detector using the model described 
in chapter 2. Thus, in the simulation, an isotropic point source of 
133
Ba has been placed in front 
of the detector and its five energies have been defined in the source definition tally of the 
MCNP/X with the following branching ratio 34%, 7.1%, 18.3%, 62% and 8.9%, respectively.  
 
As a result of interaction of the gamma rays emitted by 
133
Ba and since all energies are less than 
1.022 MeV, the incident gamma interacts with the sensitive media of the sensor through the full 
photo-absorption process and scattering process that causes a distribution of electrons emitted at 
different angles (different energies). The resulting electrons from photoelectric effect deposit 
their full energies and five gamma photo-peaks appear on the output spectra.  
 As it is seen in Figure 3.6, the spectra of 
133
Ba shows five peaks at 0.081, 0.276, 0.303, 0.356 
and 0.384 MeV resulted from the above processes.  In the meantime, electrons emitted at 
different angles have different energies and the Compton edges are located at different energies 
corresponding to different gamma lines. For instance, one can see the Compton edge energy at 
0.019 MeV that belongs to 0.081 MeV scattered gamma at 180 degrees.  Another feature that can 
be seen in Figure 3.6 is the coincidence peak at 0.450 MeV in the experimental spectra which 
does not appear in the simulation since MCNP tracks only one particle at the time.  
 
Further to the simulation, and in order to validate the calculated data, an experimental setup has 
been designed where an isotropic 1       of 133Ba has been placed in front of the detector and 
measurement has been conducted.  The source has been left for a period of time to accumulate 
enough data to reduce the statistical error in further detector characterization.  
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Both simulation and experimental results are shown in Figure 3.6. It can be seen that the 
experimental and the calculated spectra are very similar.  More specifically, the Compton 
distributions as well as the photo peaks are in close agreement.  
It is valuable to note that, although the shape of all photo peaks are similar when the simulated 
data are compared to the experimental results, the full width at half maximum of the photo peaks 
in the simulated spectra has a constant value of 2.7% recommended by the manufacturer and was  
implemented in the MCNP/X model. However, a close examination of the experimental data has 
shown a slightly larger value of the resolution as it will be discussed later.  When it comes to 
compare the ability of the detector to resolve close energies peaks, there is an overlap in the 
energy distribution on the experimental spectra.  
Finally one should mention the presence of the background in the low energy range which is not 
present on the simulated spectra that didn’t take into account the background presence.  
Moreover, on the spectra there are no other peak such us pair production due to the small energy 
of all photons emitted by 
133



























































3.1.4 Irradiation with Cobalt-60 
To cover all energy range that the spectrometer has been dedicated to measure, a couple of 
MCNP/X runs has been dedicated to high energy gamma using 
60
Co. The decay schema of this 
isotope is shown Figure 3.7. When 
60
Co decays by negative beta decay, a cascade of two 
gamma-rays belong to two different states of 
60
Ni nucleus are emitted. The first energy has a 
value of 1.173, while the second energy is 1.332 MeV.  
To simulate the behaviour of the sensor (response function of the detector) for these two 
energies, the built model in MCNP/X, described in chapter 2, has been irradiated with an 










Figure 3.7: Decay scheme of 
60




 The incident gamma-rays interact with crystal and, in this case, all three gamma interaction 
processes take place due to their high energies (E >1.022 MeV). Although the pair production 
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effect is energetically possible, the probability to occur is very low. However the two processes, 
mainly photoelectric effect and the Compton scattering, have a high probability and therefore 
both of them are present on the spectra. The resulting electrons from both processes lose their 
energy by exciting the molecules of the crystal and deposit their energy in the sensitive media. 
Technically, tally F8 has been used to score all events related to the interaction processes and the 
pulse height spectra has been obtained. In the simulation, 1.173 and 1.332 MeV energies have 
been tracked with equal probabilities. 
As a result, the energy distribution of events is shown in Figure 3.8.  One can see the gamma 
spectra of 
60
Co reflecting two full absorption peaks at 1.173 and 1.332 MeV, while electrons 
emitted at different angles have different energies and they cover the energy range from a 
minimum value corresponding to the back scattering to a maximum energy located at the 
Compton edges at 0.963 MeV and 1.117 MeV, respectively.     
For experimental testing, a series of measurement has been performed with 1       60Co source. 
The source has been fixed at a distance from the front surface of the detector and measurement 
of ten minutes has been conducted. The results of the simulation as well as the experimental data 
are shown in Figure 3.8.   
The two photo-absorption peaks can be clearly seen on both spectra in Figure 3.8. In addition the 
Compton distributions from both experimental and simulation are in close agreement. However, 
in the simulation the two photo peaks are extremely well resolved when compared to the 
experiment. This is due to the fact that the resolution has been fixed for the simulation using a 
tally of “GEB” (Gaussian Energy Boarding). Oppositely, the experimental value of the resolution 
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for these peaks has shown an increase of almost 1.5 percent due to the contribution of the chain 
of the detection system that has not been taken into account in the simulation.   


































































3.1.5  Irradiation with Sodium-22 
The 
22
Na is a unique isotope since its positive beta decay is followed by two gamma rays far 
away from each other. The first energy of gamma photons is situated in the medium energy 
range i.e., 511 keV, while the second one has the value of 1274 keV. This isotope has been used 
mainly to characterize the resolution of the detector for an energy close to the commonly used 
isotopes of 
137
Cs (661 keV) and 
60
Co (1.172 and 1.332 MeV).  The decay scheme of this isotope 
is in Figure 3.9.  
In the simulation, the MCNP/X model has been irradiated with an isotropic point source of 
22
Na 









Figure 3.9: Decay scheme of 
22






Due to their energies, the two incident gamma rays emitted by the 
22
Na source interact 
differently with the crystal. The low energy gamma undergoes two nuclear processes mainly full 
absorption through the photoelectric effect and the scattering process through the Compton 
phenomena. However, the second energy is higher than 1.022 MeV and therefore, in addition to 
the Compton scattering and photoelectric effects, the pair production interaction takes place. The 
resulting electrons and positrons deposit their energies in crystal and two photo-peaks of both 
511 keV and 1274 keV are present on the spectra as shown in Figure 3.10. In addition, Compton 
edges at 0.340 MeV (belongs to 0.511 MeV) and 1.061 (belongs to 1.274 MeV) can be clearly 
seen on the spectra.  
Since 
22
Na is a positive beta emitter, the positron combines with a negative electron in the crystal 
and both of them disappear resulting in two counter gamma rays emitted with 0.511 MeV which 
cause the pulse at 0.511 MeV or other peaks of single escape and/or double escape. 
 
After simulating the response function of the detector, we have setup an experiment to measure 
the pulse height spectra of the detector that will help later in determining the ability of the 
detector to resolve close energy peaks commonly used in industrial applications. Thus, as in 
previous experiments, a 1       of 22Na has been placed in front of the detector and measurement 
of ten minutes has been conducted. The results of the simulations and experiments are shown in 
Figure 3.10. The two spectra show identical features except in low energy range of the 











































































3.1.6 Irradiation with Manganese-54 
In the sixth experiment, to fill the window between 
137
Cs (661 keV) and the 
60
Co (average 1225 
keV), 
54
Mn radioisotope was chosen as it emits gamma photons at 834 keV. This energy helped 
out to check the behaviour of the built spectrometer in this region. 
54
Mn decays by electron 
capture, and then a gamma ray is emitted from the first excited state of the daughter 
54
Cr.  The 
decay scheme is in Figure 3.11.   
In terms of simulation, as we have done previously, the LaBr3(Ce) scintillator model described in 
chapter 2, has been irradiated with an isotropic point source of 
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Figure 3.11:  Decay scheme of 
54






The number of events as a function of the deposited energy in the sensitive media of the LaBr3 
crystal has been scored and the pulse height spectra has been obtained.  As shown in Figure 3.12, 
one can see the Compton distribution generated as a result of the energy deposition of electrons 
emitted at different angles followed by the photo-peak of 
54
Mn at 834 keV.  In addition, a bump 
at 638 keV is observed on the spectra marking the end of the Compton distribution of the 
scattered photons at 180 degrees.   
To validate the simulation data, an experimental setup has been designed and a 1       of 54Mn 
source has been used.  The source has been placed in front of the detector and measurement of 
ten minutes has been carried out. The results of the simulations along with the experiment are 
shown in Figure 3.12.  One can see clearly that both spectra show the same features except in the 
low energy as there is a contribution from the backscattering around 200 MeV. One should note 
that a little difference, of around 1%, has been observed in the full width at half maximum of the 
photo-peak. This is due to the contribution of the chain detection that has not been simulated. 














































MCNP/X data 834 keV
 














3.1.7 Irradiation with Americium-241 
To complete the range of energies, we have used an 
241
Am source that emits 60 keV gamma in 
the low energy region. The decay scheme of 
241
Am is shown in Figure 3.13.  This isotope has 
been used not only to test the detector response in this region where low energy gamma radiation 
and background pulses are dominating but also to characterize the resolution at this energy.   
 The simulation of the detector response function by irradiating the built model with an isotropic 
point source of 
241










Figure 3.13: Decay scheme of 
241






The pulse height spectra calculated from all events resulting from the interaction of 60 keV ray 
with the sensitive media of the detector has been tallied using F8 feature of MCNP/X code. 
When the incident gamma interacts with crystal, electrons resulting from photoelectric effect and 
Compton scattering deposit their energies and generate events with energy proportional to the 
amount of the scored energy. Figure 3.14 shows the gamma spectra obtained in the simulation.  
From the spectra one can see a peak at 60 keV resulted from the full absorption of the incident 
gamma along with the Compton distribution that start from low energy to the maximum value of  
Compton edge at 11 keV. The bump observed at 25 keV is due to X-ray escape, while the 
elevation seen at 11 keV in the simulation is the Compton edge (very low due to the low cross 
section of Compton scattering in this energy region), these two features are overlapping due to 
the low resolution of the detector in this energy region.  
 
Finally to validate the simulation data, an experimental setup has been designed where a 1       
of 
241
Am has been facing the front side the detector and measurement of ten minutes has been 
carried out. The results of the simulation in comparison with experiment are shown in Figure 
3.14.  Besides the contribution of the back scattering in low energy region and slight difference 
in the full width at half maximum of the absorption photo peak (due to noise of electronics), the 
simulation and experimental data are in good agreement. It should be mentioned that the photo-
peak in the experimental spectra is slightly wider than the one in the simulation. This is due to 
the fact that the FWHM in the simulation was taken as a constant (2.7%) while the resolution 
obtained from experiment is affected by the combination of statistical fluctuation along with 



















































MCNP/X data 60 keV
 











3.2 Characteristics of LaBr3(Ce) spectrometer  
To characterize the developed LaBr3(Ce) spectrometer in wide gamma energies, the previous 
seven experimental data have been used to extract the resolution of the spectrometer.  The data 
have been processed in origin 8 software and after subtracting the background in each 
measurement, the full width at half maximum has been determined. As an example, Figure 3.15 
shows the FWHM of 
137
Cs gamma peak. The resolution has been calculated for all used gamma 
emitters using the following equation and results are summarized in Table 3.1.   
 ( )  
     
  
     
 
Figure 3.15: Energy Resolution. 
 
Measured spectra, shown in Figure 3.16, have been used to measure the resolution of the 
spectrometer at different energies. The data have been transformed into a graph presented in 


























































Figure 3.16: Gamma peaks at 662 keV(
173
Cs),  511 keV and 1275 keV(
22
Na) , 835 
keV(
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Radionuclide Photopeak (MeV) Resolution % 
Cs-173 0.661 3.4 
Cd-109 0.088 9.83 
Mn-54 0.835 2.77 





































Figure 3.17: Relation between gamma energy and detector resolution. 
 
When it comes to resolution, the line broadening of photo-peaks is caused by electronics noise, 
statistical variation of scintillation process, statistical variation of the number of photoelectrons 
released from photocathode and statistical variation of electron multiplication. Low energy 
gamma rays tend to be affected by these factors much more than high energy gamma rays. As a 
result, the resolution becomes better and gamma lines seem to be more distinguishable at high 
energies. Figure 3.17 shows one point on the resolution curve of NaI(TI). The curve is shifted 
upward compared to LaBr3 which indicates that NaI(TI) has worse energy resolution than LaBr3.  
 






3.3 Results with different sizes of the developed detector 
 
Two different sizes of LaBr3(Ce) crystals,  0.5in×0.5in and   0.6in ×0.8in, were irradiated 
under  the same conditions. The detection efficiency which is proportional to the volume of the 
sensitive area which in turn is proportional to the surface of the detector has improved with 
increasing crystal size. 




Co radioisotopes. The results of 
simulation are shown in figure 3.18 and figure 3.19, respectively.  From the obtained simulation 
data, it has been found that the detector sensitivity increased by 1.7 times when the volume of the 
crystal is increased by 2.3 times. 
The number of photo-peak events versus Compton scattering events increases because the larger 
crystal absorbs more primary and secondary photons resulting from either Compton scattering or 
annihilation photons. For gamma energies higher than 1.022 MeV, the size of single and double 
escape peaks will decrease when a large crystal is used. 
Although, quantitatively, we couldn’t compare the simulation data with the experimental results 
due to different experimental parameters, in Figure 3.20 are shown a qualitative results for 
illustration. The crystals were mounted on two different photomultipliers and irradiated with 2 














































































































































3.4 Comparison with Other Crystals  
 
The characteristics of LaBr3(Ce) inorganic scintillation crystal have been compared with two 
other alkali halide inorganic scintillation crystals. Experimental work using both NaI(TI) and 
LiI(Eu) have been conducted.  
Three different crystals: LaBr3, NaI(TI) and LiI(Eu) were irradiated with 
137
Cs. For both LaBr3, 
and LiI(Eu) the irradiation has been performed under the same conditions, while for the NaI the 
experimental parameters were different. 
The resolution of each crystal at 662 keV was 9.4% for LiI(Eu), 7.5%  for NaI(TI) and only 3.4%  
for LaBr3. Figure 3.21 clearly illustrates the high performance of the LaBr3(Ce) crystal in terms 
of resolution when compared to other crystals.   
 





In this thesis, a high resolution gamma ray spectrometer using LaBr3(Ce) sensor was developed 
and characterized. The investigation has adopted two empirical approaches that consist of 
extensive Monte Carlo modeling along with experimental investigation using different gamma 
radiation fields.  A model of the sensor has been developed and irradiated with gamma sources 
commonly encountered in industrial applications. 
 
In the second phase of this research, an experimental setup has been designed to validate the 
simulation data. A series of experiments has been performed with various radiation sources in 
the applied radiation laboratory at the University of Ontario Institute of Technology.  The 
experimental data have served to characterize the developed spectrometer in terms of its 
response and performance of resolving different gamma radiation lines.  
 
The resolution of the developed spectrometer has been measured at different gamma energies; 
the experimental data have shown that the resolution from 60 keV (
241
Am) up to 1.333 MeV 
(
60
Co) gets  better and varies from  ~ 12.8%  up to  ~ 1.3%, respectively.   
 
In addition, other experiments using other crystals such as NaI(TI) and LiI(Eu), were conducted 
to compare the energy resolution of the three detectors. It has been found that, the resolution of 
LaBr3 (3.4% at 662 keV) is much better than the resolution of NaI(TI) (7.5% at 662 keV) and 





A control experiment has been conducted to test the effect of the crystal’s size on detector 
efficiency. For such purpose, two different sizes have been simulated and tested experimentally. 
 























The future work aims to develop a hardware and software for a commercial handheld gamma ray 
spectrometer using a LaBr3(Ce) crystal. The proposed mechanical design is to assemble the 
detector, a compact data acquisition, and a Personal digital assistant on an adjustable stick as 
shown in the Figure below.  The LabVIEW interface for isotope identification which was briefly 
described in chapter 2 will be developed further and downloaded on the PDA for online 
spectroscopy and dosimetry using the unfolding technique of the measured gamma radiation 
spectra.  
 
Figure: Proposed design of handheld gamma ray spectroscopy system 
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Appendix A: MCNP/X Code. 
 
 
c Task: Detector response Co-60 (1173.2 & 1332.5 keV )          
c       The source is placed on the detector axis (Y dir).                        
c ------------------------------------------------------------                   
c cell cards                                                                     
    1    11   -5.08 -1      $LaBr BrilLanCe 380 
    2     0          1 -2       $empty space around detector 
    3     0          2           $rest of the world 
 
c ------------------------------------------------------------                   
c surface cards                                                                  
    1       rcc  0  -1  0  0  2  0  0 .8   $ Detector axis along Y axis. The base at(0,-1,0),L=2cm, R=0.8 cm 
    2       sph  0  0  0  4 
c                                                                                
c ------------------------------------------------------------                   
c mode                                                                           
mode  p 
c ------------------------------------------------------------                   
c material card                                                                  
m11   57000.              1  $La 
      35000.              3  $Br 
imp:p   1 1r         0       $ 1, 3 
c                                                                             
98 
  
c ------------------------------------------------------------                   
c source card                                                                    
sdef  PAR=2 ERG=d1 POS=0 1.5 0     $source @y=1.5cm; 0.5cm form front surface of LaBr                                              
si1  L 1.1732  1.3325                 
sp1  1  1                                                                           
c  Gamma source : 1.1732 & 1.3325 MeV, monoenergy, isotropic.                               
c                                                                                
c ------------------------------------------------------------                   
c Tally cards                                                                    
c                                                                                
f18:p 1 
******** Removed intentionally ****************** 
******** Removed intentionally *****************                                                                  
c                                                                                
c ------------------------------------------------------------                   
c execution control                                                              
c                                                                                
print  -10 -30 -40 -41 -50 -70 -98 -86 -85 -101 -130 -160                                                                          
stop NPS 10e+6 CTME 15.0     
c                                                                                
c ------------------------------------------------------------                   
c --------   END of PROGRAM   --------------------------------                   















Appendix C: Multi-Channel Analyser: Theory of Operation 
 
The analog section consists of a current to voltage converter with five selectable gains ranging 
from 100 Ω to 10 kΩ transimpedance. The resulting voltage is presented to a waveform 
digitizing ADC. Options include 10-bit accuracy and 20 MHz to 100 MHz sampling rates and a 
12-bit, 20 MHz to 80 MHz system. 
 
A receives the digitized data stream. It applies all relevant signal processing, performs the 
histogramming and event storage and communicates with the host computer via a USB-1.2. 
 
The digitized waveform reaching the field-programmable gate array (XC3S200 FPGA)  is an 
digital image of the incoming signal. The first step of the signal processing is to measure and 
remove the DC-offset. After that, pulse heights are determined by computing numerically the 
integral over the pulse spanning the present integration time. Pile up rejection is achieved by 
comparing the pulse shape with an expected pattern. 
 
The trigger system enforces a minimum dead time equal to time-to-baseline at each recognized 
pulse and extends this when necessary. It keeps an accurate count of real time, accrued dead 
time, and recognized and rejected pulses to provide a very accurate measurement of the actual 







Appendix D:  Parameters of the Control Panel 
 
 Gain: Used to select the transimpedances of the input current-to-voltage converter. 
 
 Trigger:  The lowest reasonable trigger threshold is 3. In practice you may have to adjust 
this value up to 10 or more to get a reasonable count rate.  
 
 Integration time: Set to match the time over which the scintillator emits most (90%) of 
its light.  
 
 Trigger threshold: Used to exclude very small signals. Usually set to 2% of the ADC 
full scale range. 
 
 Pile up time: Used by the pile up rejection code to add immunity against pulse pile up. It 
should be set to a value somewhat larger than the full width at half maximum of the pulse 
as seen in the trace display. Setting it equal to the Integration Time turns this feature off.  
 
 Compression: squeezes the energy values into the 4096-bin range of the histogram (or 
less). Depending on the decay time of the scintillator light, the eMorpho driver code 
chooses a scaling factor that will ensure that a maximum amplitude pulse that still fits 
within the allowable ADC input voltage range will indeed fit into the range covered by 
the histogram. 
 
 Time to Baseline: The time eMorpho waits after any detectable pulse before it allows a 
trigger on a later pulse. Set this quantity to be at least equal to the Integration Time.  If 
the pulses return to baseline slowly (beyond the Integration Time), or if there is after-




Appendix E:  Simulation Spectra of 3  3 in. LaBr3  and NaI Crystals 
 
Using MCNP/X, LaBr3(Ce) and NaI(TI) have been simulated. Figure 1, shows the energy spectra  
of 
137
Cs at (662 KeV)  using LaBr3(Ce) and for NaI(TI).  Figure 2, shows the full peak energy of 
60
Co at (1.333 MeV)  for  LaBr3(Ce) and  for NaI(TI).   






































Figure 1: MCNP/X gamma spectra of 
137









Figure.2: MCNP/X gamma spectrum of 
60
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